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We report on the achievement of Bose-Einstein condensation of erbium atoms and on the observation of 
magnetic Feshbach resonances at low magnetic field. By means of evaporative cooling in an optical dipole 
trap, we produce pure condensates of ^^^Er, containing up to 7 x 10^ atoms. Feshbach spectroscopy reveals 
an extraordinary rich loss spectrum with six loss resonances already in a narrow magnetic-field range up to 
3 G. Finally, we demonstrate the application of a low-field Feshbach resonance to produce a tunable dipolar 
Bose-Einstein condensate and we observe its characteristic J-wave collapse. 

PACS numbers: 03.75.Nt, 37.10.De, 51.60.+a, 67.85.Hj 



Ultracold quantum gases have proven to be ideal systems 
for observing spectacular many- and few-body quantum ef- 
fects. The large majority of these phenomena rely on the high 
degree of control over the interparticle interaction achieved 
with ultracold atoms. In the widely used alkalis, ultracold 
atoms interact isotropically via a short-range contact poten- 
tial. A novel exciting frontier in quantum gas experiments is to 
access unexplored physical scenarios based on the anisotropic 
and long-range dipole-dipole interaction (DDI) HIS]- A dipo- 
lar quantum gas is expected to exhibit fascinatingphenomena, 
including novel many-body quantum phases i^^Si • The DDI 
acts in systems having sizable electric or magnetic dipole mo- 
ments 111]. 

In the context of ultracold atomic quantum gases, pioneer- 
ing experimental work on strong DDI has been carried out 
with chromium atoms [7-9]. Magnetic lanthanides offer new 
possibilities for dipolar physics. In such systems, the combi- 
nation of a large magnetic moment and a large atomic mass 
leads to a particularly strong dipolar character. The demon- 
stration of the first magneto-optical trap of erbium atoms 
stimulated growing interest on such species for quantum 
gas experiments. Very recently, a Bose-Einstein condensate 
(BEG) and a degenerate Fermi gas of dysprosium have been 
produced iUKll]. We choose erbium as a promising candi- 
date for experiments on dipolar quantum gases. This species 
has a number of very appealing features, including a large 
magnetic moment jl of seven times the Bohr magneton, sev- 
eral stable isotopes, a rich energy level scheme [13] with a 
non-^" electronic ground state [Il4ll . and interesting cold colli- 
sional phenomena 

In strongly magnetic atoms, the competition between the 
DDI and the contact interaction is very important and gives 
rise to many intriguing phenomena. The contact interaction 
is determined by the ^--wave scattering length a and can be 
often tuned with external magnetic fields via Feshbach reso- 
nances iITtIi . Tuning of a also controls the balance of these 
two interactions. In the case of a novel species in quantum 
gas experiments, Feshbach resonances and scattering lengths 
are a priori unknown. Magnetic lanthanide such as erbium 
with their large magnetic moments and their non-^" electronic 



ground states present a completely unexplored terrain in ul- 
tracold scattering physics. Here the anisotropic interaction is 
expected to give rise to novel scattering scenarios, which are 
not accessible with alkali atoms JTsl [l9D . 

In this Letter, we report on the attainment of Bose-Einstein 
condensation of erbium atoms and on the observation of Fesh- 
bach resonances in the region of low magnetic fields. We ob- 
tain pure optically trapped BEGs of ^^^Er containing 7x10^ 
atoms. The remarkably high efficiency of evaporative cooling 
in a standard optical dipole trap indicates favorable scatter- 
ing properties of the ^^^Er isotope. In addition, the magnetic 
Feshbach spectroscopy provides first valuable information on 
the scattering behavior of submerged- shell atoms at ultralow 
temperatures. Moreover, we demonstrate low-field Feshbach 
tuning of the contact interaction in our strongly dipolar BEG. 

Our experimental procedure to create a BEG of Er follows 
a simple and straightforward scheme, inspired by work on 
Yb atoms JIO, IzH] . Our starting point is the narrow-line yel- 
low magneto-optical trap (MOT) described in our very recent 
work 1I22II : it operates on the 583-nm line (natural linewidth 
190 kHz). We choose this approach because narrow-line 
MOTs permit to obtain samples with a large number of atoms 
at temperatures in the lower microkelvin region. This allows 
a direct and efficient transfer of atoms into optical dipole traps 
without the need for additional cooling stages i2Q[l2lll ^Our 



MOT gives about 10^ atoms at a temperature of 15 /iK 123 

An additional very advantageous feature of our approach 
is that the MOT light automatically pumps the atoms into the 
lowest Zeeman sublevel mj = —6, where m/ is the projection 
quantum number of the total electronic angular momentum 
J = 6. This effect results from the interplay between gravity 
and weak radiation pressure, which leads to a spatial down 
shift with respect to the zero of the magnetic quadrupole field 
1I24I1 and thus to a preferential absorption of the vertical MOT 
beam with a~ polarization i22ll . The polarization of the sam- 
ple is confirmed by Stem-Gerlach-type measurements. 

Our optical dipole trap geometry follows the concepts orig- 
inally applied in experiments with Yb BEG ||2Q|] . The trap 
is created by crossing a tightly confining horizontal beam (y- 
axis) and a less focused vertical beam (z-axis). The basic idea 
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FIG. 1: (color online). Absorption images and integrated density 
profiles showing the BEC phase transition for different evaporation 
times. The absorption images are an average of four images taken 
after 24 ms of expansion. The color bar shows the optical density. 
The solid lines are fits to the data using Gaussian (a), bimodal (b) and 

(c) , and Thomas-Fermi (d) distribution. The dotted lines represent 
the Gaussian part of the bimodal fit, describing the thermal atoms. 
From the fit we extract: = 3.9 x 10^ T = llOOnK (a), = 2.1 x 
10^ T = 408 nK (b), = 1.6 x 10^ T = 222nK (c), = 6.8 x 10"^ 

(d) , where N is the total atom number. For (b) and (c), we extract a 
condensate fraction of 5% and 20%, respectively. 



is that initially the atoms are predominantly trapped by the 
horizontal beam, whereas the vertical beam provides confine- 
ment relevant in the final stage of evaporation. The horizontal 
beam is derived from a 100-W broadband Yb fiber laser oper- 
ating at 1075 nm and has an initial power of lOW. The beam 
has an elliptic cross section with a waist of 30(40) fim along 
the vertical (horizontal) direction. The vertical beam is pro- 
duced by a 10-W Yb fiber laser source at 1064nm and has 
an initial power of 8W. The beam profile is elliptic with a 
waist of 55(110) fim along (perpendicular to) the axis of the 
horizontal beam. 

We load the dipole trap during the MOT compression 
phase. We observe that the time period in which the com- 



pressed MOT and dipole trap coexist is crucial for efficient 
loading. The number of atoms in the optical dipole trap expo- 
nentially approaches its maximum value with a time constant 
of about 150ms. After 600 ms of loading, we turn off the MOT 
beams and the quadrupole magnetic field, and we switch on a 
weak homogeneous magnetic field of about 300 mG along the 
vertical direction to preserve the spin polarization of the sam- 
ple. We obtain 2.6 x 10^ atoms at a temperature of 42/iK in 
the optical dipole trap. At this point, the atoms are mainly 
trapped by the horizontal beam. We measure oscillation fre- 
quencies {Vx^Vy^Vz) = (1.3,0.016,1.95) kHz; the potential 
depth is estimated to be 560 /iK. The peak density and the 
peak phase-space density are 1.7 x lO^^cm"^ and 1.6 x 10~^, 
respectively. These are our starting conditions for the evapo- 
rative cooling process. 

Forced evaporative cooling is performed by reducing the 
power of the trapping beams in a nearly exponential ramp. 
The overall evaporation sequence has a duration of 5.5 s ll25ll . 
We then turn off the trapping beams and let the atomic cloud 
expand before applying standard absorption imaging. For 
imaging, we illuminate the atomic cloud with a 50- /is probe 
beam pulse 1 26] . The probe beam propagates horizontally at 
an angle of 14° with respect to the propagation axis (j-axis) 
of the horizontal trapping beam. 

The phase transition from a thermal cloud to BEC manifests 
itself in a textbook-like bimodal distribution in the time-of- 
flight absorption images. Figure [T] shows the absorption im- 
ages and the corresponding linear density profiles for different 
final temperatures, i. e. for different stages of the evaporation. 
At higher temperatures the atomic distribution is thermal with 
the expected Gaussian profile resulting from the Maxwell- 
Boltzmann distribution; see Eig.IHa). By cooling the atomic 
sample below the critical temperature, we clearly observe that 
the atomic density distribution has a bimodal profile with a 
narrower and denser peak at the center, which represents the 
BEC (b). By further evaporating the sample, the BEC fraction 
continuously increases (c) until the thermal component is not 
anymore discernible and an essentially pure BEC is formed 
with 7x10^ atoms (d). 

To analyze our data, we fit a bimodal distribution to the 
integrated time-of-flight absorption images. This distribution 
consists of a Gaussian function, which accounts for the ther- 
mal atoms, and an inverted integrated parabolic function for 
the BEC component in the Thomas-Fermi limit. Just after the 
onset of quantum degeneracy (BEC fraction ^ 5%), we mea- 
sure trap frequencies of {Vx, Vy, v^) = (208,70,299) Hz, atom 
number of A/^ = 2.1 x 10^, and a temperature of T = 408 nK. 
The critical temperature of 417 nK as calculated from standard 
BEC theory (without interaction shift) is consistent with this 
observation. 

The evaporation efficiency is found to be remarkably high 
as 3.5 orders of magnitude in phase-space density are gained 
by losing a factor of ten in atom number. This observation 
already points to favorable scattering parameters of the ^^^Er 
isotope. First evaporative cooling experiments on the most 
abundant ^^^Er isotope reveal a lower efficiency in the final 
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FIG. 2: (color online). Observation of Feshbach resonances in Er-Er 
collisions. The measured temperature (a) and atom number (b) are 
plotted as a function of the magnetic field. The minima in the atom 
number indicate the Feshbach resonance poles, marked by the thin 
vertical lines. The maxima in the temperatures to the right of the 
three stronger loss features (arrows) are attributed to the respective 
zero crossings of the scattering length. The varying background in 
the atom number is presumably due to ramping effects caused by the 
sweep of the magnetic field across the resonances. 



stage of evaporation, suggesting that a different strategy might 
be needed to reach BEC. 

To gain insight into the ultracold collisional properties of 
erbium we perform Feshbach spectroscopy [UtIi at low mag- 
netic fields. This measurement is done in a way that allows 
us to identi fy both the poles and zero crossings of Feshbach 
resonances I 



2811 . The basic idea here is to prepare the sys- 
tem at a variable target value of the magnetic field and then to 
rapidly (50 ms) decrease the depth of the optical dipole trap by 
almost a factor of two. The sample stays near thermal equi- 
librium with an effective temperature of 2.2/iK but features a 
truncated energy distribution. We then let the system evolve 
at a constant trap depth for 250 ms, during which plain evap- 
orative cooling and inelastic losses can occur depending on 
the scattering length. We finally switch off the trap and take 
time-of-flight images to determine the temperature and num- 
ber of the atoms. The measurement is then repeated for vari- 
able magnetic field values. Such a Feshbach scan shows reso- 
nance poles as loss features and zero crossings as temperature 
maxima. 

Figure [2] shows the loss spectrum and the corresponding 
temperatures in the low magnetic-field range up to 3.2 G 1E9I1 . 
Already in this narrow magnetic field range, the loss spec- 
trum is very rich. We identify six pronounced resonant min- 
ima in the atom number that we interpret as being caused 
by Feshbach resonances. For convenience, we determine the 
resonance positions with Gaussian fits, yielding 0.72, 0.91, 
1.51, 2.16, 2.48, and 2.85 G. The loss features show differ- 
ent strengths and widths. For the three broader resonances 
at 0.91, 2.16, and 2.48 G, we also observe the appearance of 
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FIG. 3: (color online). Absorption images showing the J- wave col- 
lapse of the BEC. The field of view is 290/im x 290/im. The images 
are an average of eight pictures. The color bar shows the optical den- 
sity. The images are taken for different target values of the magnetic 
field: 1.208G (a), 0.963 G (b), 0.947 G (c), 0.942 G (d), 0.939 G (e), 
and 0.934 G (f). We note that the actual magnetic-field value might 
be slightly higher (lOmG) because of ramping issues and eddy cur- 
rents il. 



temperature maxima to the right of the loss minima (arrows in 
Fig. [2]). These temperature maxima mark the zero crossings 
of the scattering length. The other loss features are too nar- 
row to provide clear signatures of the zero crossing. From the 
difference in positions between the minima in the atom num- 
ber and the maxima in temperature we estimate the widths A 
of the resonances. We find A = 65, 60, and 180mG for the 
resonances at 0.91, 2.16, and 2.48 G, respectively. 



In a strongly dipolar atomic gas, universal dipolar scat- 
tering is present [|30l - l32ll . so that the total cross section for 
elastic scattering does not vanish at the zero crossings of the 
scattering length. For Er, a minimum cross section adip = 
8 TT ( 3 Oao)^ results from universal dipolar scattering, where gq 
is the Bohr radius. The fact that we observe temperature max- 
ima near the zero crossings suggests a dominant role of 5-- wave 
scattering and not of dipolar scattering. Preliminary cross- 
dimensional thermalization measurements indeed point to a 
scattering length between 150 and 200 ao. 

The existence of Feshbach resonances at low magnetic 
fields makes the manipulation of the contact interaction in the 
Er BEC very convenient and straightforward. As a proof-of- 
principle experiment, we explore the controlled J-wave col- 
lapse of the BEC, followingthe procedure successfully ap- 
plied by the Stuttgart group flTI] . We first produce a pure BEC 
by evaporative cooling at 1.2G, which is above the position 
of the first broad Feshbach resonance (0.91 G). Here we ob- 
tain 3 X 10^ atoms in the BEC, indicating that forced evapo- 
ration at this magnetic field is slightly less efficient. We then 
ramp down the magnetic field within 2 ms to a variable target 
value and let the sample evolve for 2 ms before switching off 
the trap. The magnetic field is kept constant at its target value 
during the first stage of the expansion (15 ms), where the main 
dynamics happens. We then set the magnetic field along the 
j-axis and we image the atomic cloud after additional 1 1 ms 
of expansion. Our results are summarized in Figj3] where we 
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show time-of-flight absorption images for different values of 
the target magnetic field. We observe a dramatic change in the 
shape of the condensate when the magnetic field is reduced to- 
wards the zero crossing of the scattering length. At the mag- 
netic field of evaporation, the aspect-ratio of the cloud is close 
to the one observed at zero magnetic field; see Fig.[3la). By 
changing the magnetic field to lower target values, the BEC 
shows a more and more anisotropic shape (b) and (c). Below 
a critical magnetic field value, the BEC develops a compli- 
cated cloverleafp2ittem (d)-(f), which is the striking signature 
of the J- wave collapse in a dipolar BEC ItIi . 

In conclusion, we have demonstrated the first BEC of Er 
atoms and the tunability of its inter-particle interaction via 
Feshbach resonances. Our scattering data provide first sen- 
sitive input to understand the complex collisional behavior 
of submerged- shell atoms. The observation of the J-wave 
collapse is very encouraging in view of future experiments 
dedicated to the rich phenomena expected in strongly dipolar 
quantum gases. 
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